Abstract-In this work, a novel high-frequency ultrasonic transducer structure is realized by using PMNPT-on-silicon technology and silicon micromachining. To prepare the single crystalline PMNPT-on-silicon wafers, a hybrid processing method involving wafer bonding, mechanical lapping and wet chemical thinning is successfully developed. The active element is fixed within the stainless steel needle housing. The measured center frequency and -6 dB bandwidth of the transducer are 35 MHz and 34%, respectively. Owing to the excellent electromechanical property of PMNPT film, the transducer shows good energy conversion performance with a very low insertion loss down to 8.3 dB at the center frequency.
INTRODUCTION
High frequency ultrasonic imaging has many clinical applications because of its improved image resolution (less than 10 μm). It is gaining acceptance as a clinical tool for the examination of skin [1, 2] , the arterial walls [3] and anterior chamber of the eye [4, 5] . Its development has pushed the limits of ultrasonic imaging technology, giving diagnostic quality information about microscopic structures in living tissue. However, with operating frequency increasing up to 30 MHz, conventional transducer fabrication techniques are facing much difficulties in handling the miniaturized element and inter-element dimensions. [6] Piezoelectric micromachined ultrasound transducers (pMUTs) have thus been investigated as a promising new approach. By employing micromachining technologies, pMUTs offer advantages such as size reduction, batch production with high precision, repeatability and yield, low cost and possible realization of complete systems-on-achip. [7] Most of the reported pMUTs are exploiting the flexural vibration modes of micromachined membranes that work at relatively lower frequencies for airborne applications. To increase the resonant frequency, one has to reduce the dimension of the membrane which will consequently result in a lower efficiency of the transducer. Although a small membrane size below 50 μm has been achieved by using capacitive micromachined ultrasound transducer (cMUT) technology, it is still difficult for diaphragm-type micro transducers to achieve operation frequencies higher than 20 MHz. Recently, Zhou et al (2007) have reported a self-focused high frequency pMUT based on thickness mode vibration of a sputtered ZnO film. [8] High frequency pMUTs using PZT [9] or PVDF [10] films as the functional layer to provide thickness mode vibration have also been studied. The relaxorbased ferroelectric single crystal (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-PT) possess extraordinary piezoelectric properties. [11, 12] One would expect a much improved sensitivity of the transducer if the piezoelectric layers like ZnO or PVDF are replaced by single crystalline PMN-PT. Besides, due to its high dielectric permittivity, a 50 ohmimpedance matching may be achieved with a reduced device size for PMN-PT based transducer. This makes it possible to realize miniaturized transducers without degradation in performance, which is particularly interesting for intravascular applications.
In this work, we report the development of <001>-orientated PMN-30%PT thin film on silicon wafer by using a hybrid method involving wet etching and micromachining. For high frequency operation, thicknesses of PMN-PT layers are in the range from several microns to several tens microns. With the PMNPT-on-Si wafer, a prototype pMUT with centre frequency of 35 MHz was fabricated and characterized.
II. MATERIALS AND METHODS
A 200μm-thick PMN-PT single crystal with 30 mol% of PT, grown by a modified Bridgman method, was supplied by the Shanghai Institute of Ceramics [12] . A brief list of the material properties for PMN-PT is shown in Table I . To prepare the PMN-PT pMUT, the PMN-PT single crystal was first bonded to a double-side polished silicon wafer (Si 3 N 4 /SiO 2 /Si/SiO2) by using a solvent-thinned epoxy-phenoic adhesive M-bond 610 (Vishay). The PMN-PT layer was then lapping down to target thicknesses, ranged from several microns to several tens microns, by using a hybrid method involving mechanical grinding and wet etching by HCl:HF solution in an ultrasonic bath [13] . For pMUT operated up to 35 MHz, the thickness of PMN-PT is close to 50μm. To release the PMN-PT layer, the Si substrate with opening at the back was formed by KOH anisotropic wet etching, and the thin layers of M-bond 610/Si 3 N 4 were removed by O 2 plasma dry etching. The backside cavity was then filled with a conductive epoxy, E-solder 3022 (VonRoll Isola, New Haven, CT), as the bottom electrode as well as the backing material with acoustic impedance as ~ 6.23 MRayl. The silicon opening defined the actual aperture size of the pMUT (i.e. 0.7 x 0.7 mm 2 ). The wafer was diced into 1.5 x 1.5 mm 2 silicone dies. Each die carries a single PMN-PT element. Fig. 1 shows the cross section of the PMN-PT pMUT. The silicon die was housed in stainless steel tubing with outer diameter of 2.5 mm. An electrical connector was fixed to the conductive backing using a conductive epoxy. A Cr/ Au layer (50/150 nm) was sputtered across the PMN-PT layer and the stainless steel housing to form the ground plane connection. Finally, a layer of vapor deposited parylene with a thickness of 10μm was coated on the transducer surface as a matching layer. A 50 Ω coaxial cable with the shortest practical length (~20 cm) was used to connect the pMUT to the pulser/receiver in the pulse-echo measurement. Fig. 2 is the photograph of finished PMN-PT pMUT. To optimize the acoustic design of the transducer including the front-face matching and backing, a KLM model based simulation software PiezoCAD (Sonic Concepts, Woodinville, WA) was used. Maintaining the Integrity of the specifications Table I : Material properties of <001>-orientated PMN-30%PT single crystal Fig. 1 Fabrication process of the PMN-PT pMUT Fig. 2 Photograph of the prototype PMN-PT pMUT.
To enhance the transducer performance, the PMN-PT element was repoled under DC 180 V at room temperature for 15 minutes. To evaluate the resonance characteristics of the transducer, the electrical impedance of the transducer was measured as a function of frequency using an Agilent 4294A impedance analyzer. The centre frequency, bandwidth and insertion loss of the transducer was tested using a pulse-echo response arrangement. The setup consisted of measuring the received echo from the reflection of a flat quartz target in a deionized water bath. A Panametric 5900 pulser/receiver was used to excite the transducer and receive the echo waveform. The received echo waveform was recorded by the digital oscilloscope with 50 Ω coupling. The FFT math feature on the oscilloscope was used to display the Fourier transform of the pulse-echo waveform. For measuring the insertion loss, the transducer was excited by multi-cycle sine wave burst from a function generator with 50 Ω coupling. The detailed procedure is given in Ref. [14] . Corrections were made for the attenuation in water (2.2 x 10 -4 f 2 dB/mm, f in MHz) and the reflection coefficient of the quartz target (0.82).
III. TRANSDUCER CHARACTERIZATION
The impedance and phase spectrum of the PMN-PT pMUT were measured in air using impedance analyzer and the results are shown in Fig. 3 . The resonant frequency (f r ) and the anti-resonant frequency (f a ) were approximately at 28.5 MHz and 35.8 MHz, respectively, and the electrical impedance was about 62 Ω at resonance. The effective electromechanical coupling coefficient (k t ) was calculated to be 64.4%, which was close to that of PMN-PT bulk single crystal (63%), implying a very high energy conversion efficiency of the transducer. The relative permittivity The pulse-echo response of the PMN-PT pMUT was characterized in a water tank at room temperature. Figure 4 shows the pulse-echo response and frequency spectrum of the pMUT. The centre frequency of the array element is found to be 35 MHz and the -6 dB bandwidth is 34 %. A ring-down is observed in the echo waveform, leading to relatively low bandwidth. This is due to the acoustic impedance mismatch between the PMN-PT thin layer (29 MRayl) and the parylene matching layer (2.6 MRayl). Further improvement can be made by adding a second matching layer before the parylene on the front side of the transducer to provide better acoustic matching. The insertion losses measured at different frequencies are shown in Fig. 5 . The minimum insertion loss is found to be 8.3 dB at the centre frequency. Using the pulser/receiver with 1 μJ energy setup, the maximum output voltage (V p-p ) of the unamplified echo signal was 1.1 V (see Fig. 4 ). These results show that the PMN-PT pMUT has a high sensitivity due to its excellent electromechanical properties. 
IV.

CONCLUSION
This paper describes the development and fabrication of a high-frequency (35 MHz) ultrasonic transducer with an aperture size of ~ 0.7 mm by micromachining of single crystalline PMN-PT on silicon substrate. The PMN-PT thin layer exhibit excellent electromechanical properties which are comparable to those of bulk PMN-PT single crystals. The transducer has a -6 dB bandwidth of 34% and a minimum twoway insertion loss of 8.3 dB at the center frequency. This insertion loss is significantly better than what can be obtained using devices with the conventional piezoelectric materials (such as PZT and PVDF). A further improvement in both bandwidth and insertion could be achieved through the use of double-matching layers scheme.
